[1] Subaqueous debris flows often attain significantly higher velocities and longer runout distances than their subaerial counterparts in spite of increased viscous drag and reduced effective gravity due to buoyancy. Recent experimental research suggests that a basal lubricating layer of water associated with hydroplaning decouples the sediments from the bed, resulting in a dramatic reduction of the basal shear stress. Hydroplaning thus provides an explanation for these observations. The conditions for onset of hydroplaning are discussed in terms of critical densimetric Froude number. The stress reduction due to a lubricating layer of water or mud slurry is studied via equilibrium solutions for a two-layer Couette flow. The calculations reveal that the stresses in both the low-viscosity lubricating layer and the high-viscosity deforming deposits below it are substantially reduced. The principles of laminar boundary layers are used to develop an equilibrium solution for the steady motion of a hydroplaning debris glide block. This adjusted version of lubrication theory properly accounts for hydroplaning associated with a dynamic pressure generated at the head of the block. Example calculations at both laboratory and field scale support the experimental results of reduced bed friction, limited erosion, sediment rheology independence, and high velocities. The results also reveal the possibility for a net up-slope discharge in the lubricating layer. 
1. Introduction
Introductory Remarks
[2] Ideally, the process of subaqueous gravity mass flows can be divided into a release phase, followed by a break-up phase including disintegration from solid to fluid, a flow phase, and finally a phase of deposition. This paper focuses on the flow phase of typical debris flows, as deposits of such flows consisting mainly of silty and clayey materials have been found to represent a major building block of high-latitude deep-sea fans [e.g., Aksu and Hiscott, 1992; Vorren et al., 1998 , Solheim et al., 1998 ]. These debris flows often display very long run-out distances, e.g., more than 150 km, even on very gentle slopes, e.g., less than 1°. The long run-out distance on these low-angle fans represents a hydrodynamic enigma. In spite of increased viscous drag and reduced effective gravity due to buoyancy, subaqueous gravity mass flows riding on very gentle slopes have often been inferred to have obtained significantly higher velocities and longer run-out distances than their subaerial counterparts. The formation and flow behavior of these debris flows represent important issues for understanding the construction of continental margins.
[3] So far subaqueous debris flows have mostly been described by rigid body (lumped mass) or continuum (deformable body) models (see Hampton et al. [1996] for a review). Among the continuum models, three viscoplastic models should be mentioned. Edgers [1981] and Jiang and LeBlond [1993] , both describe the debris flow as Bingham fluids. In simple shear, the stress-strain relation for a (viscoplastic) Bingham fluid in laminar flow implies that no deformation takes place until a specified yield stress is applied to the material, after which deformation is linearly viscous and driven by the excess of the stress beyond this yield stress. The viscoplastic rheological relation dictates the division of the flow into a plug layer on top of a shear layer.
[4] The application of Bingham rheology to sediment gravity flows has been challenged by Iverson [1997] , who favors a granular rheology. In the case of the clay-rich debris flow deposits described by Vorren et al. [1998] , however, a granular rheology may be inappropriate. Norem et al. [1990] , while using a viscoplastic approach, also include dispersive pressure in the normal stresses to account for grain-grain or grain-water interaction. Although the viscoplastic concept seems valid for clay-rich subaqueous debris flows, the very long run-out distances on gentle slopes are not adequately understood and have been variously attributed to a flow characterized by a low coefficient of friction, a low viscosity, and/or a low yield strength as well as the maintenance of a sufficient flow height to ensure mobility for channelized flows [e.g., Schwab et al., 1996] .
[5] However, recent laboratory experiments have demonstrated that mobility of subaqueous debris flows may be enhanced by hydroplaning [Mohrig et al., 1998 [Mohrig et al., , 1999 , i.e., the presence of a basal layer of water or mud slurry that can markedly reduce the bed friction during the flow phase, and so offers an explanation for the long travel distances and high velocities of many submarine flows on very gentle slopes. This in turn results in a thickness of deposit that is well below that associated with the yield strength of the flowing masses. In addition, hydroplaning strongly mutes the role of debris rheology and often causes the head to run out ahead of the body, a process Parker [2000] termed ''autoacephalation''. When hydroplaning is established, the moving debris flow head is substantially decoupled from its bed and moves more or less as a rigid block [Mohrig et al., 1999] . Examples of such out-runner blocks have previously been identified in laboratory experiments [Hampton, 1972] , and in the field by bathymetric surveys [Prior et al., 1984 ; Geological Survey of Norway (NGU), 1998] and seismic data [Nissen et al., 1999] .
[6] The main objective of this paper is to apply and further develop hydroplaning/lubrication theory as it pertains to debris flows riding on a lubricating layer of water or mud slurry, hence obtaining a more general understanding of the flow dynamics for dense subaqueous gravity mass flows.
Field Observations and Laboratory Experiments
[7] Debris deposits characterized by long run-out distances on gentle slopes are widely observed on northern North Atlantic margins. Well-defined debris deposits are particularly found on the Bear Island Fan (west of the Barents Sea) and on the North Sea Fan (north of the North Sea). The individual debris deposits are 2 -10 km in width and their height varies between 10 and 50 m with increasing thickness toward their distal ends (Figure 1 ) [Dowdeswell et al., 1996; King et al., 1996; Vorren et al., 1998 ]. The volume of the debris in individual flow deposits varies between 10 and 50 km 3 . The debris has a present-day density between 1.6 and 1.8 g/cm 3 , and consists of muddy sediments. That is, the clay fraction is 30-40 wt %, the silt fraction is 30-40 wt %, and sand and coarser sediments make up less than 20 wt %. Although relatively few samples have been obtained from the deposits, available sediment cores reveal a uniform, diamictic texture throughout the flow without any sign of internal sorting of sediments, hence demonstrating a typical debris flow composition [e.g., Vorren et al., 1998 ].
[8] Seismic records indicate that the flow deposits are found in discrete units. Each unit consists of a number of stacked flows [Laberg and Vorren, 1995; Dowdeswell et al., 1996] . The long run-out distances of 100-200 km on the low slope angles indicate that the flows have experienced low friction. The high-resolution seismic records (3.5 kHz echo sounder) suggesting that the ''overriding'' flows do not seem to erode into the underlying deposit help confirm this feature, which is typical for all of the debris flows with long run-out distances observed with the GLORIA seafloor imagery [Dowdeswell et al., 1996] . On the basis of these observations, we conclude that long run-out distances and the apparent lack of any sign of remobilization supports the concept of a lubricating layer beneath debris flows in the Bear Island region.
[9] In order to better understand subaqueous mass transport, a number of laboratory experiments have been performed at St. Anthony Falls Laboratory, University of Minnesota (SAFL). The experiments were conducted in a tank with a depth of 3 m, a length of 10 m, and a width of 0.6 m. The debris flows consisted of slurry with a mineralogy and grain size distribution corresponding to the flows on the Norwegian Margin, i.e., 40% clay (kaolinite), 40% silt and 20% sand (quartz represented sand and silt fractions) by weight [e.g., Vorren et al., 1998 ]. Kaolinite was used as clay mineral as this mineral is typical for the Quaternary deposits along the Norwegian margin [e.g., Elverhøi, 1979; Andersen et al., 1996; Elverhøi et al., 1989] . These flows were confined to a channel with a width of 20 cm within the tank. The upslope portion had a slope angle of 6°, and the downslope portion had a slope of 1° [Mohrig et al., 1999] . As part of these experiments, sediment properties such as yield strength and viscosity were measured [Mohrig et al., 1999] . The experiments demonstrated a basic difference in flow behavior between subaerial and subaqueous debris flows (Figure 2 ) [Mohrig et al., 1998 [Mohrig et al., , 1999 Marr et al., 2001] . For subaqueous flows the flow velocity was more or less constant down the slope after a short initial period of acceleration. In this case, differences in rheology did not imply any significant differences neither in the velocity of the flow nor in the run-out distance. For subaerial flows, on the contrary, the flow velocity gradually decreased down the slope until the flow came to a stop, and the run-out distances increased with decreasing viscosity. Moreover, the subaqueous mass flow was not influenced by change in substratum as opposed to their subaerial counterparts. In the case of antecedent deposits, the subaqueous flows ran over and deposited on top with virtually no remobilization, while the subaerial flows were found to extensively remobilize the antecedent deposits. Thus the run-out distances and velocities of the subaerial flows also increased as a result of mass entrainment and increased momentum by erosion.
[10] The reason for these differences is hypothesized to be the development of a thin layer of lubricating water or mud slurry beneath the ''overriding'' flow in the subaqueous case. The lubricating layer evidently suppresses the effective transmission of shear stress from the active flow to the deposits below and consequently inhibits mobilization of antecedent deposits. Thus an important conclusion to be drawn from the laboratory experiments is that the absence of erosional features between stacked debris flow, the long run-out distances and high velocities show that the mobility of subaqueous debris flows may be at least partially attributed to hydroplaning.
[11] Recently, Toniolo et al.
[2003] studied both hydroplaning and the reworking of antecedent debris flows by overriding deposits in an unconfined configuration. Their work again demonstrates the tendency for reworking to be suppressed in the subaqueous setting. The repeated passage of one debris flow on top of another with no intervening time for consolidation of the deposit did, however, eventually lead to substantial reworking.
Basic Concepts of Hydroplaning
[12] In standard lubrication theory, the lubricating fluid flows only underneath the block, and a lift force arises due to the combined effect of viscosity and a slight angling of the glide block relative to the bed such that the gap distance is largest at the head and least at the tail. The velocity of motion of the glide block is considered to be sufficiently slow to neglect the dynamic pressure at the head.
[13] Such an analysis is not directly applicable to the glide blocks observed by Mohrig et al. [1998] and Marr et al. [2001] , which are sufficiently swift to develop a sub- Dowdeswell et al. [1996] and Vorren et al. [1998] ). Note that the formation of debris flows along high-latitude margins has been related to periods of maximum glaciation when the ice front is located at the shelf edge. (c) GLORIA 6.5 kHz side-scan sonar mosaic showing a suite of debris flows orientated down slope, with the mid-ocean ridge on the lower right. The dark lines running across the mosaic are ship tracks [Dowdeswell et al., 1996] . (d) A 3.5 kHz record of stacked debris flows [Dowdeswell et al., 1996] , located as B_B 0 in Figure 1c .
stantial dynamic pressure at their heads. This dynamic pressure, which is associated with the stagnation of the flow of ambient water at the head (viewed in a coordinate system moving with the head), plays a major role in the hydroplaning process. When the dynamic pressure associated with the stagnation point is higher than the submerged weight per unit area of the glide block, the block is lifted, allowing for the intrusion of water underneath. Once set up, the lubricating film under the head associated with hydroplaning offers great resistance to being squeezed out and remains as a lubricating film between the two surfaces.
[14] The conditions for hydroplaning is discussed in section 2, while the effects of lubrication on a deforming layer of debris flow deposit underneath an infinite rigid block (lid) is described in section 3. In section 4, the principles of laminar boundary layers are used to develop an adjusted version of lubrication theory that properly accounts for hydroplaning of a finite glide block. The block slips down a gentle, linear and nondeformable slope on a thin lubricating film of water or mud slurry that is much less viscous than a typical debris slurry. An equilibrium solution is obtained.
[15] Hydroplaning may not be the only reason for the long run-out of submarine debris flows. It does, however, offer a rheology-independent mechanism for greater run-out distance, higher velocity, and suppression of remobilization in the subaqueous environment that is both physically well founded and appealing in its simplicity.
Conditions for Hydroplaning

Onset of Hydroplaning
[16] For hydroplaning to occur, the flowing slurry cannot devolve into a turbulent suspension. Simultaneously, the slurry must be sufficiently mobile so as to reach the critical velocity for the onset of hydroplaning. If these conditions are fulfilled, hydroplaning occurs when the flowing slurry cannot displace the ambient fluid fast enough, i.e., approximately when the developing hydrodynamic stagnation pressure in front of the flowing slurry, p 0 = 1/2r w U 2 , equals the submerged weight per unit area of the flowing slurry, m = (r d À r w )gH cosq, where r w and r d are the densities of ambient water and flowing slurry respectively, U is the velocity of the slurry with thickness H, g is the acceleration of gravity, and q is the slope inclination.
[17] The square root of the ratio of these two forces per unit area defines the densimetric Froude number [Mohrig et al., 1998 ]. The head velocity U c associated with a densimetric Froude number of 0.3 thus defines a critical condition for the onset of hydroplaning. The deformation of the front (that can help the normal pressure to lift the snout) combined with the reduced pressure above the head (that produces a ''suction'' on top) discussed by Hampton [1972] , may explain why hydroplaning occurs for values of Fr d clearly less than unity (D. Issler, personal communication, 2001 ). Once hydroplaning is initiated, the slurry above the hydroplaning zone can be approximated as a rigid block.
[18] Huang and García [1999] present a model for a nonhydroplaning muddy debris flow described as a Bingham fluid. This model illustrates that a nonhydroplaning Bingham flow of a constant mass volume propagates only a finite distance downslope from its source, with its thickness asymptotically approaching the yield thickness (the minimum thickness for remoulded mud to flow). The model no longer remains valid when the head velocity exceeds that for hydroplaning. It can be used, however, to study the evolution of a subaqueous debris flow to the point of onset of hydroplaning. For example, the ratio of the front velocity (at the time the nonhydroplaning flow has obtained thickness D d ) to the critical front velocity, now defined by the condition Fr d = 1, is expressed by
where
À1 is the yield thickness for the debris with yield stress t dy , and m d is the dynamic Bingham viscosity of the debris. When U/(U c ) Fr d = 1 > 1, conditions conducive to hydroplaning result. With prescribed material parameter values and slope inclination, equation (1) puts constraints on the minimum flow height for hydroplaning to occur.
Cessation of Hydroplaning
[19] A subaqueous debris flow should eventually cease to hydroplane owing to the reduction of bed slope in the streamwise direction, increased viscous resistance forces relative to the downslope pull of gravity when the flow becomes thinner, and/or dissipation of the lubricating layer. Once hydroplaning has ceased the debris may continue to flow or creep. Hydroplaning is said above to occur for a densimetric Froude number above 0.3, but once hydroplaning is established the densimetric Froude number may drop below this value before a sufficient amount of lubricating fluid escapes and hydroplaning ceases.
[20] In the field, where most debris flows are unconfined, side escape of lubricating fluid may be expected. This notwithstanding, Marr et al. [2001] and Toniolo et al. [2003] demonstrated experimentally that unconfined subaqueous debris flows hydroplane with about the same ease as their confined siblings, as shown in Figure 3 . In addition, at the normally large dimensions of field-scale submarine flows the main part of the lubricating fluid must travel a relatively long distance in order to escape from the sides. Thus hydroplaning is likely to be effective over a long distance before side escape acts to suppress it. The depositional ''fingering'' pattern of debris lobes as described by Vogt et al. [1993] can be a result of certain areas of the flow locally moving faster (i.e., more lubricated) than others owing to varying degrees of side escape. In addition, the ''fingers'' may act as a lateral confinement for the rear part of the flow. In unconfined flows cessation of hydroplaning may occur also for densimetric Froude number in excess of 0.3 owing to lateral escape of lubricating fluid.
[21] For both confined and unconfined flows the possibility of water percolation into the overriding debris flow should also be considered. If the debris material is extremely impermeable (high clay content) the confined lubricating film, once established, can be expected to be capable of maintaining hydroplaning of the debris material. On the other hand, more sandy or granular flows show clear evidence of water percolation, loss of excess pore pressure and break-up [e.g., Marr et al., 2001] .
Shear Stress Reduction by a Lubricating Film of Mud Slurry
[22] Consider a subaqueous debris flow overriding an antecedent deposit. If the shear strains are concentrated mainly in the underlying and deforming debris flow deposits and/or an intermediate film of lubricating mud slurry, the overriding debris flow moves more or less as a rigid block. The shear stress reduction of a lubricating mud slurry, i.e., one with a lower resistance to motion than that of the overriding slurry, can be analyzed in terms of equilibrium solutions. A dimensionless formulation allows for the interpretation of the numerical results at arbitrary scale, and serves to identify the dimensionless parameters that govern the problem. A complete derivation of the equations is provided in Appendix A.
[23] The overriding debris flow is approximated as a rigid block (lid) riding horizontally with (prescribed) dimensionless velocity 1 over a deformable layer of debris flow deposit of dimensionless thickness 1 À e. Sandwiched between the overriding rigid block and the deformable debris deposit is a thin film or layer of lubricating mud slurry with dimensionless thickness e, as described in Figure 4 . The base of the debris flow deposit is at vertical coordinate " y = 0, the interface between the debris deposit and the lubricating slurry is at " y = 1 À e and the interface between the lubricating slurry and the overriding rigid block is at " y = 1. Here all parameters are made dimensionless with the length scale D corresponding to the thickness of the layer containing debris deposit and slurry and the velocity U of the overriding rigid block. No-slip conditions are introduced at every horizontal interface. The dimensionless ratio of slurry density r s to debris density r d is R = r s /r d , while the corresponding ratio of kinematic viscosities is d = n s /n d . The viscosity of the mud slurry in the lubricating layer is assumed to satisfy the condition n w n s < n d , where n w denotes the kinematic viscosity of water. The condition of equality corresponds to pure water in the lubricating layer. The mud slurry in the lubricating layer is assumed to be not significantly denser than water so that r s is approximated as r w . Moreover, the dimensionless yield strength of the deforming debris flow deposits, l = t dy /t d0 is introduced, where t d0 = r d n d U/D corresponds to the shear stress in a deforming debris flow deposit of thickness D with no yield strength under a rigid block riding with velocity U in the absence of a slurry film sandwiched in between.
[24] Assuming Newtonian laminar flow in the film of mud slurry and Bingham laminar flow in the deforming debris flow deposit, equilibrium solutions for the resulting linear Couette flow in both media are found simply from kinematic and dynamic boundary conditions requiring continuity in velocity and shear stresses at each interface, as outlined in Appendix A. If the slurry film is thin (e ( 1) and the ratios of density and viscosity are small (Rd ( 1), the solution for equilibrium flow approximates to
provided " t d j j ! l. In the above relations " u s and " u d are the dimensionless velocities in the mud slurry and the deforming deposit while " t s and " t d are the corresponding shear stresses.
[25] In the limiting case with no slurry (i.e., debris only, e ! 0), equations (2) [26] The limiting case corresponding to a thin layer of slurry such that Rd ( e ( 1 gives
provided " t d j j ! l. This case gives a piecewise linear velocity profile where the velocity gradients are concentrated in the low viscous mud slurry. The shear stresses are substantially reduced by a factor Rd/e ( 1 as shown in Figure 5b . This provides an explanation for high velocities, long run-out distances and negligible erosion. If " t d j j < l the solution is simply that of a linear Couette flow in the mud slurry, i.e., " t s j j ¼ Rd=e.
[27] In both cases, the solution for a small dimensionless yield strength (l ! 0) approaches the solution for the deforming (noncohesive) debris flow deposit with no yield strength.
Lubrication Theory Modified for a Hydroplaning Glide Block
[28] While the problem of hydroplaning is very similar to the problem of standard lubrication theory [Batchelor, 1967] , there is an essential difference. Hydroplaning is associated with a dynamic pressure p dyn at the head of the block (that ideally represents the flowing slurry) which approaches or is higher than the submerged weight per unit area of the glide block, thus causing uplift and the intrusion of water underneath. Because of this factor it is not possible to use the assumption p dyn = 0 associated with standard lubrication theory at the head of the block.
The squeezing of the lubricating fluid through a very thin gap that narrows from head to tail strengthens the uplift force and prevents the block from scraping the bottom. Moreover, the combined effect of pressure and viscous stresses allows the equilibrium solution described in Appendix B corresponding to an autoacephalated glide block gliding at a constant velocity over a smooth bed with a constant slope. As opposed to a nonhydroplaning debris flow obeying a Bingham rheology, the hydroplaning glide block need never come to rest as long as the bed remains sufficiently smooth and the bed slope does not change.
[29] In this solution, the glide block is assumed to have a rectangular prismatic shape with length L, thickness H and unit width perpendicular to the direction of glide. The block is assumed to be thin in the sense that H/L ( 1, as shown in Figure 6 . Note that the head of the block is just blunt enough to allow one to assume that an average dynamic stagnation pressure develops from the leading edge. A Cartesian coordinate system is assumed to be moving with the speed U of the glide block, so that in this coordinate system the bed is moving with velocity ÀU. In addition, steady state conditions are assumed so that @/@t 0. The boundary layer problem for the laminar flow under the rigid glide block is described as
with the boundary conditions
where u(x, y) and v(x, y) are the velocity components in the lubricating fluid in the x and y directions, respectively, h is the gap height and m s denotes the dynamic viscosity of the lubricating fluid. Here this lubricating fluid could be water, or a thin water-sediment slurry created as sediment is shed from the bed and the bottom of the glide block. The problem differs from lubrication theory in that equation (6f) specifically accounts for the dynamic pressure due to stagnation at the leading edge of the block. This in turn necessitates keeping the nonlinear inertial terms on the lefthand side of equation (5a), which implies that an exact solution is not possible. Therefore an approximate solution is sought for p dyn (x) and the boundary shear stress along the bottom of the block, t b = m s @u/@y. Subsequently these quantities are used to find the solutions for the effective normal lift force due to the pressure, the turning torque associated with the pressure force and the drag force on the bottom of the block. The drag force on the top of the block is estimated using flat-plate theory. The drag force associated with form drag of the rectangular leading edge of the plate can be neglected when H/L is sufficiently small.
[30] Finally, three equations are established by requiring that (1) the glide block is fully supported by the lift of the pressure force, with no direct contact with the bed; (2) the turning torque due to pressure is balanced by that due to gravity, so preventing the glide block from plowing into the bed or flipping upward and going into stall; and (3) the downslope pull of gravity on the glide block balances the sum of the viscous resistance forces on the top and bottom of the block.
[31] In Figure 6 the gap height h between the glide block and the bed is assumed to increase linearly from the value h T at the trailing edge to the value h L at the leading edge. The following dimensionless parameters can be defined:
In the above relations a dh/dx [32] The formulation of Appendix B allows the specification of the three dimensionless parameters of equation (7) as functions of r, as depicted in Figure 7 . The solution specifies a lower and upper limit on r (1.066 and 4.57, respectively) beyond which no solutions for W exist. These limiting values correspond to nondimensional unit discharge values of q = 0.52 and q = 1.64. Transferred to dimensional unit discharge in an absolute frame of reference, this is q abs = 0.48 Uh T and q abs = À0.64 Uh T . The first value is obtained for the smallest possible angle of the glide block to the bed and is slightly less than the discharge of a linear Couette flow (because of the dynamic pressure). Negative values reflect a net up-slope discharge for larger angles of the glide block to the bed. It is also seen in the plot that Fr d ranges from 0.38 to 1.27, i.e., the parameter is always order one. Hence the conditions for onset of hydroplaning specified in section 2.1 are fulfilled.
[33] For a final solution, it is further assumed that the parameters z = n s /n w , i.e., the ratio of the kinematic viscosity of the water-sediment slurry in the gap to that of pure water, r, k, n s , and H are specified. Examples of possible reasonable combinations of parameter values for equilibrium solution of a hydroplaning glide block are presented in Table 1 for laboratory, small field and large field scales assuming a turbulent smooth boundary layer on top of the block. In all cases in Table 1 z is set equal to unity, so that fluid squeezed underneath is taken to be pure water.
[34] The results for the ''large field scale'' described in Table 1 are of some interest. The Reynolds number for this case based on the glide block velocity, the average gap height and the kinematic viscosity of pure water at 20°C is 46 500. This is well in excess of the value of 1440 at which a plane Couette flow in the absence of a pressure gradient can be expected to become turbulent [Tillmark and Alfredsson, 1992] . While the existence of a strong pressure gradient in the present case may increase the gap Reynolds number for the onset of turbulence beyond this value, it is reasonable to assume that the flow in the gap would become turbulent at a Reynolds number of 46 500. The result would be a tendency for the shedding of sediment from both the bottom of the glide block and the bed due to turbulent entrainment. This sediment might be expected to increase the viscosity of the fluid in the gap to the point at which it is nearly relaminarized, after which the block would continue to glide unimpeded.
[35] For a more practical approach, it is possible to specify the slope angle q, the block dimensions (length L and thickness H), material parameters (kinematic viscosity of lubricating fluid n s and submerged specific gravity R s ), and then solve iteratively for r, k, gap height (h L and h T ), and velocity U.
Concluding Remarks
[36] Analytical models for the dynamics of subaqueous hydroplaning debris glide blocks and the associated lubricating layer are developed. Example calculations at both laboratory and field scale support the experimental results of reduced bed friction, limited erosion, sediment rheology independence, and high velocities. The concept of hydroplaning thus offers an explanation for the observed long travel distances and high velocities of many submarine flows on very gentle slopes.
[37] The conditions for onset of hydroplaning are discussed in terms of a critical densimetric Froude number. The maintenance of hydroplaning depends on bed slope and flow dimensions, as well as degree of confinement and water percolation into the flowing masses. Laboratory experiments have revealed that once hydroplaning is set up, the lubricating fluid offers great resistance to being squeezed out.
[38] Stress reduction owing to a lubricating layer of water or mud slurry is studied in terms of equilibrium solutions for a two-layer Couette flow describing the debris flow as an infinite rigid block overriding a deforming layer of debris deposit. The calculations reveal that the stresses in both the low-viscous lubricating layer and the deforming debris deposits can be substantially reduced by such a lubricating layer.
[39] The principles of laminar boundary layers are used to develop a modified version of lubrication theory that properly accounts for the hydroplaning of an autoacephalated glide block of finite length, and provides a more detailed study of the internal conditions in the lubricating layer. An equilibrium solution for steady motion is obtained, in which the block glides on a thin lubricating film of water or water-sediment slurry over a smooth bed with a constant, small slope. Both force and moment balances are used to ensure that the glide block is fully supported by the lift of the pressure force, that it does not plow into the bed or flip Figure 7 . Dimensionless parameters W (left axis), and q, q lub (value of q from standard lubrication theory [Batchelor, 1967] and stall, and that the sum of the viscous shear forces on the top and bottom of the block is balanced by the downslope pull of gravity. The viscosity of the water-sediment slurry may be higher than the viscosity of water due to shedding of slurry from bottom of block or stirring up of marine mud from below, but still must be much less than the viscosity of a typical debris slurry.
[40] Calculation examples return reasonable values of velocities of about 0.25 m/s at laboratory scale (block length 0.14 m) to about 10 m/s at large field scale (block length 328 m) with leading edge gap heights of <1 mm and about 6 mm, respectively. Moreover, the calculated velocities also fulfill the conditions for onset of hydroplaning in terms of densimetric Froude number. The results also reveal the possibility for a net up-slope discharge in the lubricating layer owing to a large dynamic pressure at the leading edge for sufficiently large angles of the glide block to the bed.
[41] The analytical solutions should be applied for more back calculations of both laboratory and field scale events. Further challenges are embodied in the numerical modeling of nonsteady partly hydroplaning debris flows in two horizontal dimensions from start to stop. Such studies will help explain the final distribution of sediments in unconfined settings. Ongoing parallel experiments on the influence of mineralogy, rheology and permeability/water dissipation will help to elucidate many of the questions related to hydroplaning and the motion of subaqueous debris flows that are still open. [43] If laminar conditions are assumed both in the debris deposit and the mud slurry, the resulting forms for the Navier-Stokes equation and the constitutive stress-strain relation are
for the deforming viscoplastic Bingham debris deposit, and
for the viscous Newtonian mud slurry, which is here assumed to have a negligible yield strength. Here u d (y, t) and u s (y, t) are the horizontal velocities of debris and slurry at height y above the bottom of the deforming debris at time t. In addition, t d is the shear stress in the debris deposit with yield strength t dy , viscosity n d and density r d , while t s is the shear stress in the mud slurry with viscosity n s and density r s . The viscosity of the mud slurry is assumed to satisfy the condition n s ! n w . The condition of equality corresponds to pure water with viscosity n w in the lubricating layer. The density of the mud slurry is assumed to be the same as that of water. No-slip conditions are assumed at every horizontal interface.
[44] The condition of no slip at the interfaces results in the boundary conditions
In addition, continuity in shear stress implies the condition
The steady linear Couette flow of pure debris (e = 0), is recognized as one solution taking the form
To allow for interpretation of the results at arbitrary scale, and identify the dimensionless parameters that govern the problem, the dimensionless parameters are introduced. Here t d0 = r d n d U/D corresponds to the shear stress in deforming (noncohesive) debris deposits with no yield strength when the film of mud slurry is absent.
[45] The dimensionless equations take the form
for the deforming debris deposits and
for the film of mud slurry. Here R = r s /r d is the dimensionless ratio of slurry to debris densities, d = n s /n d is the dimensionless ratio of slurry to debris viscosities and l = t dy /t d0 is the dimensionless yield strength.
[46] The dimensionless boundary conditions are
With equilibrium solutions (@/@t 0) of the form
the equations and boundary conditions above give the following solution:
provided " t d j j ! l. If the film of mud slurry is thin (e ( 1) and the ratios of density and viscosity are small (Rd ( 1), the solution for equilibrium flow approximates to
provided " t d j j ! l. Note that the approximate forms still fulfill the boundary conditions.
[47] Finally, two limiting cases are investigated:
[48] In case 1, all debris (e ! 0) gives the solution
[49] In case 2, thin layer of mud slurry such that Rd ( e ( 1 gives the solution
provided " t d j j ! l. This case gives a substantial reduction in the shear stresses. If " t d j j < l the solution is simply that of a linear Couette flow in the mud slurry, i.e., " t s j j ¼ Rd=e.
[50] The solutions are illustrated in Figures 5a and 5b . In both cases, the solution for a small dimensionless yield strength (l ! 0) approaches the solution for the deforming (noncohesive) debris deposits with no yield strength.
Appendix B: Lubrication Theory Modified for a Hydroplaning Glide Block
[51] In this appendix, the principles of laminar boundary layers are used to develop a modified version of lubrication theory that properly accounts for hydroplaning. A first version of the analysis was given by Parker [2000] .
B1. Setup
[52] The glide block is assumed to be rigid, and to have a rectangular prismatic shape with length L, thickness H and unit width (perpendicular to the direction of glide). For simplicity, the block is assumed to be thin in the sense that H/L ( 1. The density of the glide block is larger than the density of water, r d > r w , so that the submerged weight per unit area is (r d À r w )gH, where g is the acceleration of gravity. The glide block is assumed to have reached a steady state velocity U. The bed over which the block glides is assumed to have constant slope angle q ( 1. The gap height h(x) underneath the glide block takes the form
Here x is a boundary-embedded coordinate originating at the position of the trailing edge of the glide block, where h = h T and heading toward the leading edge, where h = h L . It is assumed that h L > h T , and that the angle of the glide block to the bed, tan
These features are all illustrated in Figure 6 . Note that the head of the block is just blunt enough to allow one to assume that an average dynamic stagnation pressure over the front of the head of the order of
develops at the leading edge. The trailing dynamic pressure is assumed to vanish.
[53] As water flows underneath the leading edge of the block into the lubricating layer, it may or may not mix with slurry either shed from the bottom of the debris block or stirred up from mud on the bed over which it runs. Because of this the dynamic viscosity of the fluid in the lubricating layer m s is assumed to satisfy the condition m s ! m w . The condition of equality corresponds to pure water in the lubricating layer. The water-sediment slurry in the lubricating layer is assumed to be not significantly denser than water.
B2. Mathematical Equations
[54] The Cartesian coordinate system is assumed to be moving with speed U at steady state (@/@t 0). The block itself is treated as a rigid body. Because of the inertial terms in equation (B3a), an exact solution is not possible. An approximate solution is sought, where the pressure is assumed to be the sum of hydrostatic pressure (counteracting gravity) and the dynamic pressure p dyn (x). Nevertheless, this approximate solution should reduce to the exact solution for lubrication theory as p dyn j x=L ! 0. The boundary layer problem for the laminar flow under the glide block is described as
where u(x, y) and v(x, y) are the velocity components in the flow in the x and y directions, respectively. The problem differs from lubrication theory in that equation (B4f ) specifically accounts for the dynamic pressure due to stagnation at the leading edge of the block. This in turn necessitates keeping the nonlinear inertial terms on the lefthand side of equation (B3a), as both the dynamic pressure gradient and the inertia terms scale as a characteristic velocity squared (U 2 ) divided by a characteristic length (L).
B3. Integral Formulation for the Flow Under the Glide Block
[55] The solution from standard lubrication theory is first reviewed. Neglecting the inertial terms in equation (B3a) and solving subject to equations (B4a) and (B4b), it is found that
The form of equation (B5a) suggests that approximate solutions of the full equations (B3a) and (B3b) with the inertial terms may be obtained by assuming quasi-similar velocity profiles. The following quadratic quasi-similarity profile is assumed here:
Applying the boundary conditions (B4a) and (B4b) to (B6a) it is quickly found that A = À1, B = ÀÀ + 1 and
Note that equation (B6b) is completely analogous to equation (B5a), except that at this point À is an unspecified function of x that is influenced by the inertial terms, rather than being equal to [h 2 /(2m s U)]dp dyn /dx as for the standard lubrication theory.
[56] The quasi-similarity profile is applied to layer-integrated forms of equations (B3a) and (B3b). Combining equations (B3a) and (B3b) and integrating in y from 0 to h with the aid of equations (B4a) - (B4d) and (B6a) yield the approximate integral form for momentum and mass balance as well as (constant) discharge q of water or water-sediment slurry per unit width under the plate;
also using Leibniz' rule for differentiation of integrals:
Here q can be expected to have a negative sign due to the coordinate system chosen (bed moving under plate with velocity, ÀU ); in addition n s denotes the kinematic viscosity of the water-sediment slurry under the glide block.
[57] Equations (B7) reduce in conjunction with equation (B6b) to the respective forms
where j has the form
and according to equation (B1)
denotes the slope of the glide block relative to the bed.
B4. Solution for Pressure Distribution p dyn and Discharge q
[58] Equation (B8b) evaluates the parameter À in terms of the constant discharge q. This can be used in combination with equation (B9) to reduce equation (B8a) to the form dp dyn dx
where the terms multiplied by a represent the deviation from standard lubrication theory.
[59] The solution of equation (B11) subject to the boundary conditions (B4e) and (B4f) and the relation (B1) for h yields forms for both the pressure distribution under the glide block p dyn (x) and the discharge q; also using
These forms can be written as
Using p dyn (L) = 1/2 rU 2 and h(L) = h L in (B12b), it is found that q satisfies the quadratic relation
Note that the parameters p, q, r, r, and W are dimensionless parameters and that lim q ¼ 1, i.e., no discharge in the lubricating layer (q ! 0) when the trailing edge of the block scrapes the bed. It can also be shown that lim a!0 p dyn ¼ 0, i.e., the lift force vanishes in the limit as a ! 0.
B5. Solution for the Shear Stress T b Along the Bottom of the Block
[60] The boundary shear stress t b along the bottom of the plate is given by the relation
Reducing equation (B14) with the aid of equations (B5b), (B6b), (B8b), (B12d), and (B12e) it is found that 
Between equations (B16a) and (B12) it is found that
Between equations (B16b) and (B12) it is found that
Between equations (B16c) and (B15) it is found that
Note that F p , M p , and F bd are dimensionless parameters.
B7. Force Balance for Steady State Glide of the Block Over a Thin Layer of Fluid
[62] Let r d denote the density of the glide block, and R s = (r d /r w À 1) denote the submerged specific gravity of the glide block. If the glide block is not to experience direct contact with the bed over which it flows, it must be fully supported by the lift of the pressure force. This leads to the condition
In addition, the glide block must not plow into the bed or flip upward and stall, requiring the moment balance
[63] Finally, the downslope pull of gravity on the glide block must just balance the drag, leading to the relation
where F td denotes the drag force on the top of the plate.
Here it is assumed that F td can be estimated using flat-plate theory, yielding with the aid of equations (B12c) and (B13b) the classical resistance relations of the form
and where g = 0.664, b = 1/2 for a laminar (Blasius) boundary layer and g = 0.036, b = 1/5 for a turbulent (1/7 power approximation) smooth boundary layer with transition in the range 2 Â 10 5 < Re L < 3 Â 10 6 [e.g., Newman, 1977] . Note that in equations (B21c) and (B22b), n w denotes the kinematic viscosity of water, as opposed to n s that denotes the kinematic viscosity of the watersediment slurry under the glide block (which could also be pure water). In principle, there is also a drag force associated with form drag of the rectangular leading edge of the plate, but this term can be neglected if H/L is sufficiently small.
B8. Dimensionless Forms for the Force and Torque Balances
[64] The following dimensionless parameter is defined
From equations (B10), (B13b), and (B22c) it is seen that
Reducing equations (B20a) -(B20c) with the aid of equations (B17) -(B19) and (B21) -(B24), the following respective forms are obtained:
A review of equations (B17)-(B19) in combination with the relation (B13a) reveals that the parameters F p , M p , and F bd are functions of r and W only. Between equations (B25a) and (B25b) it is found that
Equation (B26) can be solved in conjunction with relation (B13a) to yield the value of W associated with any assumed value of r or vice versa. If the parameters k and z are further specified, either equation (B25a) or (B25b) can be used to solve for x, and equation (B25c) can be solved for q.
[65] The densimetric Froude number of the glide block is given by the relation
This parameter is typically found to be order one. In fact, a manipulation of equations (B12c), (B22c), (B23), (B25a), and (B27) yields the form
from which it can be deduced in conjunction with equations (B13a) and (B26) that Fr d is a function of r alone.
[66] This particular implementation of the solution to equations (B25a) -(B25c) can be generalized to the following statement: Assume that the parameter z is specified (e.g., z = 1 in the case for which the fluid under the glide block is water). Assuming that equation (B13a) has been used to eliminate q, equation (B26) specifies one relation between the two parameters r and W. Relations (B25a) or (B25b) and (B25c) then specify two more relations between the parameters r, W, k, x and q. Thus if r(W) and one of the three parameters k, x, and q are specified, then W(r) and the other two of (k, x, and q) can be computed.
B9. Implementation of the Solution
[67] It is assumed here that in addition to z, the parameters r and k are specified and solutions for W, x, and q are obtained. In addition, it is assumed that the submerged specific gravity of the glide block R s , the kinematic viscosity of the fluid under the glide block n s , the acceleration of gravity g and the block height H are given. The parameter a is given by equation (B24), and the values of L, h T , h L and U are found from equations (B12c), (B13b), (B22c), and (B23) to be given by
In order for the solution to be valid the following conditions must hold. The parameter W must not be greater than order unity. The conditions h T /L z 1 and H/L ( 1 must hold. Finally, the flow under the glide block must be laminar, imposing an upper bound on the Reynolds number Re h , where
This upper bound is on the order of 1440 (4 Â 360) for plane Couette flow in the absence of a pressure gradient [Tillmark and Alfredsson, 1992] , but may be much larger in the present case due to the favorable pressure gradient created by the stagnation pressure. In principle, the solution could be worked out for the case of turbulent flow under the glide block.
[68] The solution to equation (B26) specifies a lower and upper limit on r (1.066 and 4.57, respectively) beyond which no solutions for W exist. A plot of W as a function of r is given in Figure 7 . Also shown in the plot is the dimensionless discharge q, as well as the value q lub that results from standard lubrication theory, and the densimetric Froude number Fr d . Here sure. q discharge (/width) of the water film. q = Àq/(Uh T ) dimensionless discharge (/width). q abs dimensional unit discharge in an absolute frame of reference. q lub value of q from standard lubrication theory. R = r s /r d ratio of slurry density to debris density. R s = r d /r w À 1 submerged specific gravity of glide block. Re h = Uh T /n w Reynolds number based on h T . Re L = UL/n w Reynolds number based on L. r = h L /h T dimensionless parameter.
